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Measurementsofaerodynamicheattransferhavebeenmadeat six
stationsonthe40-inch-long10°total-angleconicalnoseofa rocket-
propel.ledmodelwhichwasflighttestedatMch numbersup to 5.9. Data
arepresentedfora rangeoflocalMachnumberjustoutsidethebound-
w Wer onthecon~from1.57to 5.5b,anda rangeof localReynolds
numberfrom6.6x 10 to 5S.2x 106basedonlengthfromthenosetip.

At Machnumbersup to4,measurementsoflaminar,transitional,
andturbulentheat-transfercoefficientswereobtained.Ingeneral,the
measuredlaminarheat-transfercoefficientsexpressedas Stantonnumber
agreewellwiththeoryforlaminarheattransferona cone.Themeas-
uredturbulentheat-trsnsfercoefficientsexpressedasStantonnuuiber
agreereasonablywellwithturbulenttheoryforheattransferona cone
withReynol.dsnuulberbasedeitheronlengthfromthenosetiporlength
fromthetransitionpoint.

DuringthelastpartoftheflighttestwhentheNkchnwiberwas
aboveapproximately4, themeasuredheat-transfer’coefficientswerecm’-
sistentlyaboutmidwaybetweenthetheoreticalI-amimandturbulent
heat-transfervaluesallalongthenose,

ExperimentaltransitbnReynoldsnumbersvariedfromlessthan
5.5 X1OGO 19.4X 106. At a relativelyconstantratioofwalltemp-
eraturetolocalstatictemperaturenear1.2 thetransitionReynolds
numberincreasedfrom9.2x 1.06to 19.4x 10~asMachn~er increased,,
froml.57to3.38.At a relativelyconstantMachnunibernear3.7,the“:
transitionReynoldsnuniberdecreasedabout30percentastheratioof
walltemperatureminusadiabaticwalltemperatureto stagnationtemper-
aturechangedfrom-0.35to -0.25.
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DuringthefMght,localBkchnuaberandtheratioofwalltemper-
atureto localstatictemperaturesimultaneouslyreachedvalueswell
withintheregionforinfinite”lami~ stAbiM@ predictedby two-
Mmensionaldisturbancetheory.ThetransitionReynoldsnumberincreased
to a maximumvalueof19.4x 106asthetestconditionsyrobedintothe ‘
theoreticalstabild~region.

INTRODUCTION

ThePiiotlessAircraftResearchDivisionis conducting.aprogram
tomeasuretheaerodynamicheattransferandboundary-layertransition
ReynoldsnumbersonbodiesinfreeflightathighMch nuuibers.Ref-
erences1 and2 reportedheat-transferdataobtainedfrmnskin-temperature
measurementsat singlestationson10°total-angleconicalnosesat
flight~ch nudersup to approximately4. Inthepresentinvestigation,
measurementsof skintemperatureweretie at sixstationsona 40-inch-
long10°total-angleconicalnoseinorderto obtainthevariationin .

heattransferalongthenoseandto determinethelocationofboundary-
layertransition.Datawereobtainedup toa maximumflightMch number
of5.9wftha correspondinglocalMachnumberontheconejustoutside
theboundarylayerof5.5. ThemaximumlocalReynoldsnuniberatthe
mostresrwerdtemperaturemeasurementstation,basedonlengthfromthe
nosetip,waq55.2x 106. Themodelwasexpectedtoreacha Mch nuniber
of7,buta structuralfailureendedthetestat a timeapproximately
two-thirdsthroughtheburningperiodofthelastpropulsionstage.

Theflighttestwasconductedatthe
ResearchStationatWallopsIsland,Va.

A area,Sq,ft

f% Stantonnuniber,

%. specificheatof

% specificheatof

SYMBOLS

PJc.&v

airat constant

wallmaterial,

LangJ-eyPilotlessAircraft

pressure,Mu/lb-%

Btu/lb-OF’

g gravitationalconstant,ft/sec-sec
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iocalaerodynamicheat-transfercoefficient,Btu/sec-sqft-%

mechanicalequivalentofheat,ft-lb/Btu

thermalconductiti~ofair,Btu-ft/sec-OF-sqf%

thermalconductivityofwallmaterial,Btu-ft/sec-OF-sqfi

Machnumber

I?randtl number,w
k

quantityofheat,Btu

pvxReynoldsnumber,—
P

Taw- Tvrecoveryfactor,
Tso-Tv,

temperature,ORexceptasnoted

time,sec

velocity,ft/sec

distancealongnosesurfacefromtip,ft

Stefan-Boltzmanconstant,0.4&)6x 10-W Btu/sqft-sec-0R4

emissivity

densi~ofair,slug/cuft

densityofwalluterlal,lb/cuft

thicknessofwallmaterial,ft

absoluteviscosi~ofair,slugs/ft-sec

Subscripts:

aw adiabaticwall

o undisturbedfreestreamaheadofmodel

so stagnation

~
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conditionatbeginmingoftransition

MODELANDTESTS

ModelConfiguration

NACARM L56m7

layer

Thegeneralconfigurationofthemodelis shownby thephotograph,
figurel(a),andpertinentdimensionsaregiveninthedrawing,figurel(b).
Thebodywasa conecylinderlx incheslong,ofoverallfineness
ratio21.4.Thetotalangleoftheconicalnosewas10°,whichmadethe
nosefinenessratio5.71.Thenosewasconstructedofficonelskin
approximately0.030inchthick,exceptforthetipwhichwasmade.of
stainlesssteel,hollowedoutas showninfigurel(b)andweldedtothe w

sw at statim6. Theexteriorsurfaceoftheentirenosewashighly
po~shed.The surfaceroughnessasmeasure~bya PhysicistsResearch
CompanyProfllmmetorwas3 to4 microinchesrmsovertheforward20 inches
andabout5 microinchesrmsover.theback20 inchesOfthenose.The
cylindricalbodywhichhousedthesustainerrocketmotorwasrolledfrom
sheetsteel.Thestabi~zingfinsweresteelandwereweldedtothe
bodyatthebase.

ModelInstrumentation

SixthermocoupleswereembeddedintheInconelskinoftheconical
nosealongan elementatpoints10,14,19,24,30,6nd37 inchesfrom
thenosetipas showninfi~e l(b).Thethermocouplesweremadeof
no.30 chromelalumelwire. Thejunctionbetweenthewiresconsisted
ofa beadabout0.01inchindiameter,formedby fusingthewires
togetherusingthemercurybathtechnique.Carewastakenthatthe
wireswerenotb contactexceptwithinthebead. Thebeadswerefitted
intoholesdrilledthroughtheInconelskinattheproperstations,with
thethermocoupleleadstisidethenose. Theholeswerethenwelded
closedwithInconelwelUngrodandthee~rior surfacewassmoothed
andpolished.Thecoldjunctionsofthethermocoupleswerepottedin
paraplexinsidea brassblockofsufficientmassthatnd c@ngein cold
junctiontemperaturewouldoccurdur~ therelativelyshorttimeof
thetest.Thecoldjunctiontemperaturewasmeasuredjustpriorto
l.aunchingbya resistance--Q_petemperaturepickupalsopottedinside
thebrassblock.A checkoftelemeteredskintemperaturewasmadejust
priorto launchingbymeasuringthetemperatureat station30witha
thermocoupletaped,totheexberiorsurfaceoftheskin.

.

—.. . — —
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Duringfklght,thteestandardvoltagesandtheoutputsofthesix
thermocoupleswerecommutatedandtransmittedona singletelemeter
channel.Thecommutationrateandtheelectronicsystemweresuch
that eachthermocouplevoltagewastransmitted14timespersecond,and
eachstandardvoltagewastransmitted7 timespersecond.Thethree
standardvoltages,suppliedby a mercurycellanda voltagedivider
network,werechosenequivalentto thelowestter?q.’erature,themidrange
temperature,andthehighesttemperaturethatthesldnthermocouples
wereexpectedto reach.Commutationandtransmissionofthese@own
voltages.alongwiththevoltagereadingsoftheskinthermocouplespro-
videdsn llin-flightllcheckcalibrationofthethermocoupletelemeter
andrecordingsystem.

Measurementsofthrustaccelerationanddragdecelerationwerealso
telemeteredduringfl@ht. Theinstrumentationwascarriedinthenose
sectionofthemodelandwasprotectedfromthehightemperatures
reachedby theskinduringflightby a radiationshield.Theshield
consistedofa frustrumofa coneextendingfromstation2% to sta.

tion40,closedatthefrontend,andspacedabout~ inchinsidethe

exteriorskin.TheshieldwasformedfromO.03-inch-thickInconel,
washighlypolished,andwasattachedto thetelemetersupportssoas
nottotouchtheexteriorskinatanypoint.

PropulsionandTestTechnique

Themodelwaslaunchedatan elevationangleof700. Thethree-
stagepropulsionsystemconsistedoftwo~ JATOboostersintandem
andanABLDeaconsustainermbtor.Figurel(c)showsthemodeland
boostersonthelauncher.Thefirstboosteracceleratedtheconibination
tolkchnumber1.4anddragsepsratedatburnout.Thesecond-stage
boosterandthemodel,whichwereheldtogetherby a lockingdevice,
coastedupwardsfora predeterminedtimeuntilthesecond-stagebooster
ignitedandacceleratedthemodelandboosterto a Machnumberof4.0.
Chaniberpressureofthefiringboosterreleasedthelockingdevice,
whichallowedtheboosterto dragseparateat itsburnout.After
anotherpredeterminedcoastperiod,thesustainermotorignitedand
acceleratedthemodeluntila structuralfailureoccurredata Mach
ntier of 5.9. Thelengthsofthecoastperiodswerechoseninan
attemptto obtainthenM.ximumpossibleMa@ nuniberwithoutexceedhg
allowableskintemperatures.

Velocitydatawereobtainedby meansofC!WDopplerradaruntila
timeshortlyafterignitionofthesustainerrocket.btegrationof
thetelemeteredthmu$taccelerationetiendedthevelociwdatato the
timeofmodelfailure.Altitudeandfld.ght-pathdataweremeasuredly

—- -.-.—. .—_. — .—.— .——— ——— —— —— —-.— _______ ___
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anNACAmcdifiedSCR584trackingradar.A msrkedchangeinthedistance.
timerektionoftheSCR5& dataatthetimethetelemeterrecordended
indicatedthata structuralfailurehadoccurred.Atmosphericandwind ““
conditionsweremeasuredby meansofradiosondeslaunchednearthetime
offQht andtrackedby anAN/GMO-lA

Figure2(a)showstimehistories
sldntemperaturesmeasuredatthesix
historiesofaltitmdeandfree-stream
in,figure2(b).

Rawinset.

ofthefld.ghtlkchnumberandthe
stationsonthenosecone.Time
Reynoldsnumberperfootareshown

‘hatsReduction

Thetimerateof changeofheatwithinthesldnata givenlocation
ontheconic~nosecanbe written

%pwq,+.
dt

Thefirsttermon

hA(Taw- ~) -

theright-hand

L.

siderepresents
heating,thesecondtermrepresentstheheatradiated
theskin,andthethirdtermrepresentstheeffectof
alongtheskin.

Thisstatementoftheheatbalanceneglectsheat

-1

theaerodynamic
externallyfrom
heatconduction

absorbedby the
skinfromsolarradiationandheatradiatedby theskintotheinner
radiationshield.Estimtesshowthateachofthesefactorsisnegli-
gible(lessthan1 percentoftheaerodynamicheattransfer)atthe
testconditionsforwhichheat-transferdataarereduced;further,their
effectsonthedeterminationofheat-transfercoefficientare
compensative.

Computedvaluesofthetermrepresentingconductionalongtheskin
fora timeduringtheflightwhenthetemperaturegradientsalongthe
skinwerelargeshowedthattheeffectof
ofaerodynamicheat-transfercoefficients
anymeasurementstation,andthetermwas

Eliminatingtheconductionterm,the
heat-transfercoefficienth isthen

conductiononthedetermination
waslessthan0.2percentat
thereforedisregarded.

expressionfortheaerodynamic

4ueTw
(2)

Taw-% .

.— ——.— ..——
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Experimentalvaluesof h ateachmeasurementstationweredetermined
forseveraltimesduringthetestby usingthemeasuredskintempera- “
turesandtheirtimeratesof changeinequation(2). Otherparameters
reqtiredinequation(2)wereobtainedasfollows.

TheskinthiclmessT at eachofthemeasurementstationswasmeas-
ured,and ~, thedensi~ofInconel,wasknown.Thevariationof ~,
t~especificheatofInconel,isgiveninreference1 forthetemperature
range30°F to 930°F. TheStephan-Boltzmanconstanta waslamwn.A
constantvalueofemissiyitye ofO.3wasusedsincetestsperformed
by theNationalBureauofStandardsundera contractfortheNational
AdvisoryCommitteeforAeronautics, andasyetunpubU.shed,showthat
theemissivi~ofunoxidizedInconelvariesonlyslightlyfromO.3
overtherangeoftemperatures(75°F to 9~2°F) mess
test. Itmaybe notedthattheradiationterm,

red inthepresent
udIw, (seeeq.(2))

comprisedlessthan20percentoftheheat-transfercoefficientforall
cases,andlessthan10percentof @ in90percentofthedata.The
remainingquanti~neededinequation(2), Taw,wascomputedfiomthe
relation

Taw= R.F.(Tso- Tv)+ Tv (3)

whereR.F. wasdeterminedfromtheusualturbulentrelation
R.F.= Prl/3 with 1% evaluatedatwalltemperature.Valuesof ~
oflaminarmagnitudewererecomputedusingthelaminarreldd.onfor
recoveryfactor,R.F.= prl/2,to dete~ne Taw. Loc~ statictemp-

eratureTv wasobtainedfromtheconicalflowtables,reference3
(withcone@e andfree-streamconditionsofMachnuniberandtempera-
tureknown),andstagnationtemperatureTso wascomputedfromthe
ener~ equation

J’+ Tso%m—=
2Jg To

(4)

whichtakesintoaccountthevariationofthespecificheatofairwith
temperature.Valuesoftheintegralinequation(4)wereobtainedfrom
tablesinreference4.

Havingdeterminedtheexperimentalvalueof h fromequation(2),
thecorresponUngvaluesofStantonnuderbasedonlocalconditions
justoutsidetheboundarylayerwerecomputedfrom

——. — ...—.—— ———— —————— ..—
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withthespecificheatofairtakenat Tv andobtainedfromrefer-
ence~.

IWSULTSANDDISCUSSION

SkLnTemperatureTimeHistories

Themeasuredskintemperaturetimehistorieswe showninfigure2,
withtheflightlhchnumberplottedagainstthesametimescale.During
thefirst12.5secondsofthetest,theheatingandcoolingoftheskin
werenotintensebecausetheveloci~wasrelativelylow. After12.5sec-
ondstheaerodynamicheatingincreasedandtheskintemperatureatall
stationsroserapidly.Themaximumrateofrisewasabout400°F per
second,andthetemperatureat station19hadreached952°F whenthe
telemeterrecordendedatZIL.8seconds.Theirregularitiesintheskin
temperaturecurvesforthetwomostforwardstationsaretheresultof
alternationbetweenlaminarandturbulentboundary-layerflow.The
characteroftheboundarylayerandthelocationoftransitioncanbe
determinedmorereadilyfromthemagnitudeoftheheat-transfercoeffi-
cientsandwilJbe discussedlater.

HeatTransfer

Localheat-tr”mfercoefficientsintheformofStantonnumber
werereducedfrom.theskintemperaturemeasurements,asdescribedunder
DataReduction,forseveraldifferenttimesduringthehighMachnumber
psrtoftheflightfromI-2.5secondsuntiltheendofthetest.Fig-
ures3(a)to 3(f)showthevaluesof CH obtainedat stations10,14,
19,27,30,and37,respectively.Thedataforeachstationareplotted
againsttimebecauseMachnumler,Reynoldsnumber,andtheratioof
walltemperatureto localstatictemperatureallvarysimultaneously
duringthetest,thusmaldngit@ossibleto isolatetheirindividual
effectson ~. Thevariationsoftheseparameters,~, Rv (based

onlengthfromthenosetipto themeasurementstation)andthetemper-
atureratioTw/?Cv,sreshownforeachstationonthesametimescale
astheexperimentalvaluesof ~. Thelocal~ch numiberisidentical
foreachstationbutisrepeatedon eachfigureforconvenience.For
comparisonwiththe~erimental CH data,theoreticalvaluesforlaminar
flowandforturbulentflowatthetestconditionsareshownforeach
measurementstation.

theflat-platetheory

Thetheoreticallaminarvalueswereobtainedfrom

ofreference6,multipliedby~ to convertto
.

——. _ .—-.. — -— —— . .
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conicalvalues.Thetheoreticalturbulentvalueswereobtainedfrom
VanDriest’stheoryforheattransferona conewithturbulentboundary
layerfromthenose,reference7.

h figure3(a),we ~erhentd valuesof CH fors~tion10
showthattheirregularitiesinthetemperatureth curveoffigure2
aretheresultofalternationsbetweenlsminarandturbulentboundary
layeratthestation.Duringtheperiodsoflowheatingrateswhich
areappsrentinthetemperaturetimehistoryfrom12.5to 12.8seconds,
andfrom13.5to 14.2seconds,theStantonnunibersat station10were
1~ andingoodagreementwiththetheory.IYom15.6to 1.8.osec-
ondswhenthetemperatureroseveryslowly(seefig.2),theexperimental
valuesof CH areconsiderablylessthanthoseforlaminartheory.The
reasonforthisdifferenceisnotunderstood.At timespriorto 19.0sec-
onds,theheat-transfercoefficientsofturbulentmagnitudein”general
agreewell.withthetheoryforturbulentflowfromthenosetip. The
somewhatlowvaluesat 13.0and13.2‘secondsareprobablytheresult
oftransitional.ratherthancompletelyturbulentflow.Themeasurements
at 14.8and15.osecondsmaybe highasa resultofa transitionloca-
tionshortlyaheadofstation10,whichwouldmaketheactualturbulent
Reynoldsnumberlessthanthatbasedonlengthfromthetip. l?rom18.4
to 19.0seconds,themeasurementsareinagreementwiththetheory-for
turbulentflowfromthenosetip. From’time19.0seconds,whichis just
beforethebtartofthefinalaccelerationperiod,untiltheendofthe
testtheexperimental~ valuesliebetweenthelaminarandturbulent
theoriesanddecreaserapidlyduringthelast0.8secondofthetest.
SinceRv remainednear10x 106duringthistime,a transitional
boundary@er atthisstation(stationlo)wouldnotseemunusual.
However,aswillbe notedinthesucceetigplotsoffi~e 3,the %
dataforeachofthesixmeasurementstatio~followedthesametrends
after19 seconds,andHe betweenlsminsrandturbulenttheoryeven
thoughRv at station37becameashighas41x 106. Furthermore,the
valuesof ~ ata giventimedonotincreasewithdistancealongthe
noseaswouldbe expectediftransitionalfl-owexistedallalongthe
nose. Ifthemodelwereflyingatanangleofattack,thelocalflow
conditionsusedtoreduceh to CH wouldof coursebe inerror.An
estimationoftheinfluenceofangleofattackwasmadeby reducingthe
measuredvaluesof h to ~ usingvaluesof ~~Vv forthedown-
windsideoftheconeat 5°angleofattackandfortheup-windsideof
theconeat.lOOangleofattack.Neitherassumptionbroughtthee“~eri-
mentaldataintoappreciablybetteragreementwitheitherlaminaror
turbulenttheory,andforstructural.reasons,muchlargeranglesof
attackdonotseemprobableovertherelativelylongtimeperiodfrom
about19to21.8secondsandfortheMachnumberrangecovered.Since
errorsintheflightdataorinthetemperaturemeasurementswould
havetobe excessiveto accountforthedifferencebetweenthemeasured
CH andtheturbulenttheory,itmustbe assumedthatsomeunknown

.—_.—_
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factorinfluencedtheresultsfrom19.0secondsuntil21.8seconds
whena structuralfailureendedthetest.

Figure3(b)showsthetestconditionsand CH valuesforthe
secondmeasurementstationfromthenose,station14. The CH hta

v betweenlaminarandturbulentmagnitudein”thesequenceindicated
by thetemperaturetimehistoryinfigure2. fiiorto 19.0seconds,
the~ andturbulenttheoriessmereasonablyaccuratelowerand
upperlimitsoftheexperimentalvaluesof ~. Thedataindicatethat
at severaltimestransitionalflowexistedatthisstation.From
19.0secondsuntiltheendofthetest,the CH valuesatthisstation,
as at station10,liebetweenthebninsrandturbulenttheory,although,
asnotedpreviously,thedistributionof ~ alongthenoseisnotthat
whichwouldbe expectedfortransitionalflow.

Figure3(c)showsthetimehistoriesof CH and-testconditions
forstation19. TheexperimentalC& valuesagreereasonablywell
withtheturbulenttheoryfrom12.5secondsuntil19.0seconds.After
19.0secondsthedatafallbetweenthelaminarandturbulenttheoryas
atthefirsttwomeasurementstations.

Figures3(d),(e),and(f)showthetimehistoriesforstations24,
30,@ 37,respectively.Priorto 19 secondsthedataat eachstation
agreefairlywellwiththeturbulenttheory,butafter19 secondsthe
datafallbetweenthelaminarandturbulenttheories.Between12.5
and15 seconds,conditionsof ~, Rv,and Tw~v occurredat sta-
tion30whicharealmostidenticalto conditionsthatoccurredduring
thetestsreportedinreferences1 and2. Dataattheseconditions
fromthethreetestsarecomparable,sincetheconeanglesandconstruc-
tionofthenoseswerethesameforallthreemodels.Someofthedata
fromreferences1 and2 areshownon figure3(e),thetimehistoryplot
forstation30. The
theothertests,but

presentvaluesaresllght~”lowerthanthoseof
theagreementisfair.

~-Lw= Tr-ition

Thewriationofheattransferalongthenoseandthelocationof
boundary-layertransitionarebestshownbyplotsof ~ valuesagainst
noselengthforspecifictimes.Figure4(a)showsdistributionsof
experimentalandtheoretical~ valuesalongthenosefortimes12.5,
13.5,and14.7secondswhichme duringanaccelerationperiodwithWch
numberandReynoldstier increasingwithtime.Themeasuredvalues
of ~ wereUnar atthetwoforwardstationsandturbulentatthe
fourrearwardstationsattimes12.5and13.5seconds,andturbulent

.

~
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.. .
atallstations.at 14.8seconds.Withtheassumptionthattransition
beganatthemostrearwardstationhavinga laminarheat-transfercoeffi-
cient,valuesofthelocalReynoldsnuniberatthebeginningoftransition
Rtr were9.2x 106,14.8XI.06,andlessthan14.9x 106attimes12.9,
13.5,andI-4.8seconds,respective~=me corresPo~W local~ch n~-
berswere1.57,2.56,and3.81.

Whenthelocationoftransitionislmownas fortimes12.5and13.5
seconds,theoreticalturbulentCH valuescanbe determinedusing
Reynoldsnunibersbasedonlengthfromthetransitionpointratherthan
lengthfromthenosetip. ThesevaluesareshownontheplotsforI-2.5
and13.5secondsby thecurveslabeledllRVassumedO attransition
point.“ At eachofthesetimes,thetheorybasedondistancefromthe
transitionpointisabout25percenthigherthanthetheorybasedon
lengthfromthenosetipforstation19,5 inchesbehindthetransition
point,butislessthan10percenthigherforstation30,I-6inches
behindthetransitionpoint.At 12.5secondsthemeasurementsarelower
thaneitherofthetheoretics.curves,~d at 13.5secofistheyme fi
reasonablea~eementwithboth.

From14.8to 19.5seconds,Reynoldsnuuiberwasdecreasingwithtime
sincethemodelwascoastingupwardwitha smalldecreaseinlkchnumber
withtime.Figure4(b)shows CH distributionsfortimes1.6.0,18.0,
and19.0seconds.At 16.oseconds,theexperimentalC-Ewaslaminar
attheforwardstation,transitionalatthesecond,andturbulentatthe
fourrearwsrdstations.At 18.oseconds,CH waslsmhmrattheforward
stationandturbulentattheothers,andat 19.0secondsitwasturbulent
at all.stations.CorrespondingtransitionReynoldsnumberswere
12.9x106at I&= 3.72,10.0x 106at ~ = 3.62,andlessthan
gxlo6at w = 3.59.At time16.oseconds,theturbulentmeasurements
areingoods@eementwiththetheorybasedonlengthfromthetransition
point. At 18.oseconds,theturbulentmeasurementsareclosertothe
theorybasedonlengthfromthenosetip,alth- thefimsximumdisagreem-
ent withthetheorybasedonlengthfromtransitionislessthan
15percent.

Itisinterestingto notefromfiguxes4(a)and4(b)thatthereis
goodagreementbetweentheexperimentaldataandthelaminarandturbu-
lenttheorieswhichassumeisothermalconditionsalongthenose,even
thoughtheactualsurfacetemperaturedistributions(fig.2(a))were
farfromisothermalandwereconsiderablydifferentatdifferenttimes.

From19.6secondsuntiltheendofthetestat21.8seconds,the
localMach
wasnesrly

nuder increasedfrom3.6to 5.5whiletheReynoldsnuniber
constant.Thedistributionsof CH fortimes20.0,21.0,

*.U.~
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and=.6 secondsare showninfigure4(c).Thedatahaveessentially
thesametrendwithnoselengthas eitherthelaminarorturbulenttheory, .
andinmagnitude,fallapproximatelymidwaybetweenthetwo. Whatever
theconditionoftheboundarylayer,itapparentlywasthessmeall
alongtheinstrumentedpsrtofthenose.Whilethecauseoftheappment .
eccentric@isunknownasnotedpreviously,thehighI&chnumberrange
ofthedata(betweenabout4 and5.5)makesthemofparticularinterest,
andtheresultsarereportedsincefurthertestsmayindicatethereason
forthisparticularmagnitudeanddistributionofheattransfer.

SeveraltransitionReynold8numbersinadditionto thoseindicated
infigure4 canbedeterminedfromthetimehistoriesofmeasured@
figure3. Forexsmple,figure3(b)showsla&nar ~ at station14at
time13.8secondswhilestation19hada twbulent ~ atthistime.
(Although~ at station19wasnotdeterminedat exactly13.8seconds,
thetemperaturetimecurveinfig.2 andthe CH vd.UeSOffig.3(C)
areassurancethattheboundarylayerat station19wasturbulentat
alltimesbetween12.5and19 seconds.) .

ThetransitionReynoldsnumbersobtainedfrcmthedatafortimes
12.5to 19 secondsarenotedinfigure5 ona P1O%whichqhowsthe
variationofthetemperatureratioTw/Tv withlocallhchnuuiberfor
thistimeperiod.As theMachnumberiricreasedfroml.57to 3.38,
TwPV remainedapproximately1.2. Then,whiletheMachnuuiberremained
relativelycomtantnem 3.7, Tw~v incrasedfroml.36to 2.25.

ThesolidcurveshowstheWiation oftheratioTaw~v. b
general,thetransitionReynol*ntiers~e ~gest whenthes~ is
coldest~flthrespectto Taw;tht is,whenthetestvaluesof &/Tv
arefurthestbelowthecurveof Taw~v. Othertests,fori~tice
reference8,haveshownincreasingtransitionReynoldsnuniberswith
increasingvaluesof (Taw- !!&)ata constantMachnunber.Thepresent
dataat~chnuuibersnear3.7areinagreementwiththistrend.The
datafromaMachnuniberof1.57to a Machnumberof3.38alsoshow
increasingRtr withincreasing(Taw- Tw);however,thepureeffect
of changingMch nuuibermayalsobe influencingthevaluesof Rtr.

Conditionsof ~ and Tw/Tv belowthebrokenlineaxethose
fortheoreticallyinfinitestabilityofthelaminarboundarylayerfor
two-dimensional disturbances,as givenby reference9. As theMach
numberincreasedto3.38andthetestconditions
thisstabilityregiona considerableincreasein
themaxirmmvaluewas19.4x 106.

probeddeeplyinto
R~ OCC~Sdj but

.

—. — ————
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Dun andLin(ref.10)haverecentlyextendedthetheoryofref-
erence9. Theyindicatethatforthree-dimensionaldisturbancesinfinite
stabilityisunattainable,althoughstabili~”toverylargeReynolds
nunibers(-l&) mightbe obtainedat somewhatcolderwallconditions
thanthoseforinfinitestabiM@ accordingto thetwo-dimensionaltheory.
Specifical.ly,a temperatureratioof1.474wouldbe reqgiredata Mach
numberof4. Althougha testcontitioncloseto thiswasobtained
(Tw/Tv= 1.36ata lkchnumberof3.75),thetransitionReynoldsnuuiber
of19.4x 106wasnotunusualJyhigh.

.

Thetr~sitionReynoldsnuxibersmeasuredduringtheperiodof
essentiallyconstantTw/lCvaxeplottedagainstlocal.Machnuniberin
figure6(a).Thetimestowhichthepointscorrespond,andthestation
anditstemperatureratioatthebeginningoftransitionarenotedon
thefigure.ThetransitionReynoldsnunibersincreasedfrom9.2x.106 -
to 19.4x 106asthe~ch nuniberincreasedfrom1.57to 3.38.As noted
previously,theskincoolingterm Taw- Tw wasincreasingsimultaneously
withMachnuuiberandprobablyinfluencedthetransitionReynoldsnumbers.
Duringthispartofthetest,thebeginningoftransitionwasconsistently
at station14 exceptbetween13.0and13.2secondswhenforunknown
reasonstransitionmovedaheadof station10 (seefig.3(a),resultimg
inthelowvaluesof Rtr atMachnumbersof2.05and2.25.

ThetransitionReynolds
berwasnear3.7E@ TW/Tv
figure6(b).Valuesof Rtr

Tw - ‘aw,andtheparameter
‘rSo

numbersthatoccurredwhiletheMachnum-
wasincreasing(seefig.5)areshawnin
areplottedagainstthecommonlyused

presentdataareshownby thesynibols..

TheMachnunibervariedonlyfrom3.81to 3.60as shownh thekey. As
theskintemperatureparameterchangedfrom-0.35to -0.25thetransition
Reynoldstier decreasedabout30percent.Thistrenddidnotexist
attemperaturepammetervaluesmorenegativethan-0.35becausethe
boundarylayerwasturbulentat eventhemostforwardstationfrom
1.4.6secondsuntfi15.2seconds.(Seefig.3(a).) ThecurveinfiR-
ure6(b)representswind-tunneldatafromreference8 fora ~“ total-

anglecone-cyktnderbody. ThetestMachnuniberwas3.12withReynolds-
nuniberperfootvaryingfrom8 x 106to 2.25x 106asWe te~era~e
parametervariedtowardzero.TheReynoldsnuderperfootofthe
present&ta variedfrom18x 106to U.x 106asthetemperatureparam-
etervmied towardzero.Theflightvaluesof Rtr me roughlythree

.

timesgreaterthanthewind-tunneldatamd showa somewhatstronger
influenceof sldncoolingon Rtr betweentemperatureparametervalues
of -0.2to -0.35.

.. . -—— .—--c. —... — _——._ ___—___ _
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CalculatedSkinTemperatures

Computationsof sldntemperatureat station10anda; station37
weremadefortheflightconditions,usingtheoreticallaminarandtur-
bulentheat-transfercoefficients,respectively.Theresultsattempera- -
turetimehistoriessreshowninfigure7 alongwfththetemperatures
measuredat stations10and37. Laminarflowat station10duringthe
entiretestwouldhaveresultedin considerablylowertemperaturesfor
thatstation.Turbulenttheory(withReynoldsnuniberbasedonlength
fromthenosetip)gavea
is inverygod agreement

temperaturet& historyforstation37which
withthemeasurements.

CONCLUDINGREMARKS

Measurementsofaerodynamic“heattramferhavebeenmadeat six
stationsonthe40-inch-lo~10°total-angleconicalnoseofa rocket-
propelledmodelwhichwasflighttestedatWch maibersup to 5.9. Data “
arepresentedfora rangeoflocalMachnuniberjustoutsidetheboundary
lsyerontheconefrom1.57to 5.50,anda rangeoflocalRe oldsnumber

9basedonlengthfromthenosetipfrOIII6.6x 106to 55.2x 10 .

At Machntiersup to4, measurementsoflaminar,transitional,and
turbulentheat-transfercoefficientswereobtained.Ingeneral,the
measuredlaminarcoefficients,intheformofStantonnumber,agreedwell.

withfbt-platelaminartheoryincreasedbythefactor~ to account
fortheconicalnoseshape.Themeasuredturbulentcoefficientsexpressed
as Stantonnumberagreedreasonablywellwithturbulenttheoryforheat
trsnsferona conewithReynoldsnumberbasedeitheronlengthfromthe
nosetipor onlengthfrom-thetransitiapoint.

Duringthelastpsrtoftheflighttestwheri
aboveapproximately4, themeasuredheat-transfer
consistentlyaboutmidwaybetweenthetheoretical
valuesallalongthenose.

—

thelhchnu.uiberwas
coefficientswere
laminarandturbulent

ExperimentalvaluesofReynoldsnumberatthebeginningoftransi-
tionvariedfromlessthan8.5x 106to 19.4x 106. At a relatively
constantratioofwalltemperatureto localstatict

Y
eraturenear1.2,

thetransitionReynoldsnumberincreasedfrom9.2x 10 to 19.4x I-06
asMachnumberincreasedfrom1.57to 3.38.At Machnumbersnear3.7,
thetransitionReynoldsnumiberdecreasedabout30percentastheratio
ofwalltemperatureminusadiabaticwalltemperatureto stagnation
temperaturechangedfrom-O.35to -0.25.

.

———— ___
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Duringtheflighttest,localMachnuniberandtheratioofwall
temperatureto localstatictemperaturesimultaneouslyreachedvalues
wellwithintheregionforinfinitelaminarstabili~predictedby two-
dimensionaldisturbancetheory.ThetransitionReynoldsnumbers
increasedto a maximumof19.4x 106asthetestconditionsprobed
deeplyinto.thistheoreticalstabilltyregion.

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

LangleyField,Va.,J~WY 26,1956.

. .

.
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